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Abstract 
Post combustion Carbon Capture and Storage technology (CCS) is viewed as an efficient solution to 
reduce CO2 emissions of coal-fired power stations. In CCS, an aqueous amine solution can be used 
as a solvent to selectively capture CO2 from the flue gas. However, this process generates additional 
costs, mostly from the regeneration energy required to release the carbon dioxide from the solvent. 
Therefore, an intensive work is demanded to screen solvents based on thermodynamic properties 
and hence regeneration energy. In this work, we present thermodynamic results of CO2 solubility in 
aqueous amine solutions from a 6-reactors High Throughput Screening (HTS) experimental device. 
Solubility measurements are performed on a set of 30 mono-amines with variable molecular 
structures. Thermodynamic properties are extracted using a comprehensive thermodynamic model 
and process simulations are performed to asses the energetic potential of these molecules for CO2 
capture. A simple correlation is then build to connect lab-scale properties to the regeneration energy 
required in the process. We show that the use of mono-amines in a classical absorption/desorption 
loop scheme limits the performance of the process to a minimum regeneration energy of Ereg2.8 
GJ.tCO2-1. 
 
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
The control of CO2 emissions to the atmosphere has become a worldwide issue over the last few 
years as a direct correlation between greenhouse gas emissions and climate change is now 
commonly accepted. An important source of carbon dioxide emissions comes from coal-fired power 
stations where the flue gas at atmospheric pressure is predominantly composed of N2 (90%) with a 
small fraction of CO2 (10%). Although some controversy has arisen in recent literature[1], post 
combustion Carbon Capture and Storage (CCS) technology is one of the solution considered on a 
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short-term schedule as it does not require deep modifications of existing power stations[2]. In CCS, 
the flue gas is usually contacted with an aqueous amine solution within an absorption tower (or 
absorber) at low temperatures around T40 °C. The amine is then loaded with carbon dioxide 
(α=nCO2/namine) through a selective chemical reaction, to yield a targeted removal (usually 90%) of 
carbon dioxide contained in the gas stream at the bottom of the absorber. The rich solvent (αrich) is 
directed towards a regeneration column (or stripper) at high temperature around T120 °C, where 
steam is used to strip the CO2 from the liquid solution. The lean absorbent (αlean) is then cycled 
back to the absorber and the freed carbon dioxide is pressurized prior to its transport and storage. 
The benchmark solvent of CCS process is a 30 % wt monoethanolamine (MEA) aqueous solution 
where the primary amine displays a high reactivity towards CO2 absorption. However, this process 
suffers from high energy requirement, corrosion, and degradation[3].  
 
To evaluate the potential of new absorbents in CCS technology, one has to characterize an 
extensive list of solvent's physical properties like the thermodynamic and the kinetics of CO2 
absorption, the rate of solvent degradation in the process or the toxicology of the selected 
molecules,... Since numerous molecular structures can be considered in designing efficient solvents, 
systematic screenings of amine properties have recently appeared in the literature[4,5].   
 
In this work, a High Throughput Screening of amine molecules is performed to identify the most 
efficient solvents for CO2 capture. We focus on the thermodynamic of absorption which is the most 
important criteria for controlling the efficiency of a novel absorbent. CO2 solubility measurements 
obtained on a 6-reactors High Throughput Screening experimental device are presented. A set of 30 
commercially available molecules is screened using this apparatus. A comprehensive 
thermodynamic model is then used to model the behavior of CO2 absorption within aqueous amines 
solutions and extract thermodynamic quantities like the cyclic capacity (Δα=αrich-αlean) or the 
reaction enthalpy (ΔRH). This thermodynamic model, coded in an User Added Model, is then 
interfaced within the commercial process simulator SIMSCI's PRO/II v7.1 and process simulations 
are performed to calculate the required regeneration energy for each solvent in a conventional 
absorption/desorption process scheme.  
2. Experimental section 
2.1. Amine samples 
Amine solvents were purchased from Sigma Aldrich with the highest purity available (i.e. 
>97%). Samples of aqueous amine solutions were subsequently prepared using deionized water. 
The list of mono-amines molecules screened in this work is reported in table 1.  
Table 1 List of mono-amine molecules screened in this work 
name structure name structure 
MEA NH2 OH
 
1-amino-2-propanol 
OH
NH2
 
DEA 
OH NH OH
 
2-amino-2-methylpropanol NH2
OH
 
MDEA 
OH
N
OH
 
1-(dimethylamino)-2-propanol N OH
 
trans-4-aminocyclohexanol NH2 OH
 
2-(2-aminoethoxy)ethanol NH2 O OH
 
3-hydroxypiperidine OHN
H
 
3-dimethylamino-1-propanol N OH
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morpholine NH O
 
4-hydroxypiperidine OHNH
 
2-(butylamino)ethanol 
NH
OH
 
2-amino-2-methyl-1,3-propanediol NH2 OH
OH
 
diisopropanolamine 
OH
NH
OH
 
2,6-dimethylmorpholine NHO
 
N-tertbutyl-diethanolamine 
N OH
OH
methylaminoacetaldehyde 
dimethylacetal NH O
O
 
3-methoxypropylamine NH2 O
 
6-amino-1-hexanol NH2 OH
 
2-amino-1-propanol 
NH2
OH
 
2-methoxyethyl-amine NH2 O
 
triethanolamine N
OH
OH
OH
 
2-methylamino-ethanol NH
OH
 
2-(ethylamino)-ethanol 
NH
OH
 
3-hydroxy-methylpiperidine 
OH NH
 
2-amino-1-butanol NH2 OH
 
3-amino-1-propanol NH2 OH
 
2-(dimethylamino)-ethanol N
OH
 
4-hydroxy-N-methylpiperidine OHN
 
 
2.2. High Throughput Screening experiments 
The High Throughput Screening apparatus used for measuring CO2 absorption isotherms in 
aqueous amine solutions is described elsewhere[6]. Briefly, the device consists of six stirred cell 
reactors designed to operate at pressures ranging from vacuum up to 10 bar and at temperatures up 
to 120 °C. The reactors can be operated independently at different temperatures and a regulating 
device allows to maintain a constant temperature in each reactor within ±0.5 °C. Temperature and 
pressure variations are recorded in the reactor each 200 ms. Vacuum is made in each reactor before 
introducing the solvent. Stirring of the solution is operated using gas-inducing agitators and CO2 
injections are then performed using fixed volume ballasts surrounded by two pneumatic valves. We 
use a S7-300 Siemens automaton which can be sequentially programmed to control different 
thermodynamic conditions reached by each reactor. Prior to starting the experiment, the user 
defines a number of Ns equilibrium total pressure steps (Pi, i=1, Ns) to be reached by the system. 
The algorithm cycles through the different pressure steps defined by the user and once the final step 
is reached, the reactor is cooled down to room temperature and the program is completed. At the 
end of the experiment, mass and volume balance calculations within the system are used to 
calculate the corresponding absorption isotherm curve (PCO2= f(α)). 
3. Modeling section 
3.1. Thermodynamic modeling 
As carbon dioxide is a solute in the aqueous solution of amine, its partial pressure is expressed by 
the product of the Henry constant (H) and the molality of CO2 (mCO2) in the solution:  
 
   22 COCO HmP =          (1) 
 
The molality of CO2 in the liquid phase requires the computation of the speciation which is 
calculated from the following chemical reactions:  
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+− +↔ OHOHOH 322   (2) ++ +↔+ OHNHRROHNHRR 3212221   (5) 
+− +↔+ OHHCOOHCO 3322 2  (3) −− +↔+ 321221 HCONHRROHNCOORR  (6) 
+−− +↔+ OHCOOHHCO 3
2
323  (4) 
 
where R1R2NH is the amine chemical formula. We assume that the water content of the liquid 
phase does not vary with the chemical reaction and we have yet 8 molar compositions to determine. 
To obtain these values, we solve: 
- the 5 mass action laws corresponding to each chemical reactions, 
- the 2 mass balances which are related to amine and carbon dioxide respectively, 
- the electro-neutrality of the solution.  
 
In this model, we assume that the activity of water is equal to its molar fraction. Also, the activity 
coefficients of molecular solute (amine and carbon dioxide) are set to unity. Finally, the activities of 
the ionic species are given by the Extended Pitzer Debye – Hückel approach:  
 
[ ] CI
BrI
IAzi +
+
−
=
1
log γ          (7) 
 
where I is the ionic force and zi is the ionic charge of the solute. A and B are two constants which 
represent the solvent and depend only of temperature. The parameter r is the closer approach 
diameter and C is an empirical parameter. The Henry constant of CO2 into the solvent (Hsolvent) is 
deduced from the one in water (Hwater) by a Sechenov approach:  
    
221log CO
water
solvent mkIk
H
H
+=





        (8) 
 
The expressions of equilibrium constants and of Debye-Hückel parameters as a function of the 
temperature can be find in other work[7]. This model has only 4 adjustable parameters for each 
amine: C and r for the speciation part and k1 and k2 for the Sechenov approach, which values have 
to be regressed on isotherm data. This model couples a rigorous approach including all ionic species 
in liquid phase and a simplify activity coefficient model. Such model can be used for any kind of 
mono-amine for a pre-screening design.  
3.2. Process modeling 
In carbon capture processes by solvent absorption/desorption loop, the main driver of the CO2 
penalty (often expressed in €.tCO2-1) is the energy consumption for solvent regeneration. The 
required energy for a given aqueous solvent is the sum of three contributions: 
  
STSHHreg QQQE ++= Δ          (9) 
 
where,  
 
HFFQ RSISOH Δ⋅−=Δ )(          (10) 
( )SISOavpSOSH TTcmQ −⋅⋅= ,         (11) ( ) ( )
( )SIOHvapSIOH
TSOHvapRFOHSOOHST
THm
THmmQ
2,,2
2,,2,2
Δ⋅
−Δ⋅+=


     (12) 
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The reaction enthalpy contribution (QΔH) is the energy required to break the chemical bond 
between the amine and CO2, the sensible heat contribution (QSH) is the energy required to heat the 
liquid solution from the inlet to the outlet stripper and finally, the stripping heat contribution (QST) 
is the heat of vaporization of water required to decrease the CO2 partial pressure in order to create 
the desorption driving force. F is the molar flowrate of CO2 in the gaseous phase, m is the liquid 
mass flowrate, cp,av is the average mass calorific capacity of the solvent, T is the temperature, and 
Hvap,H2O(T) is the mass enthalpy of vaporization of water Finally, the subscripts SO, SI and RF 
refers to the stripper inlet, outlet and reflux stream respectively. 
 
At fixed operating conditions (flue gas and capture specifications), QΔH is only dependant of the 
thermodynamic characteristics of the solvent while QSH heating and QST are also dependant of the 
process configuration. Indeed, at fixed capture rate and rich loading, QSH heating and QST are 
dependant of the regeneration quality of the solvent (lean) and the total regeneration energy displays 
a minimum at αleanopt. Therefore for each solvent, an optimization of the process specification is 
required in order to identify the best operating conditions leading to the lowest regeneration energy. 
This optimization is performed using a commercial software (SIMSCI's PRO/II) along with specific 
in-house User Added Subroutines to predict the thermodynamic properties of the different solvents 
screened in this work.  
4. Results 
4.1. Thermodynamic properties 
After the measurement of an absorption isotherm using the HTS device, the thermodynamic 
model is used to fit the experimental data by resorting to a modified Levenberg-Marquardt 
algorithm. We then define the cyclic capacity Δα as the amine loading difference between 
PCO2=13.5 kPa (αrich) and PCO2=1.35 kPa (αlean) at T=40 °C. The first pressure corresponds to the 
inlet conditions for carbon dioxide at the bottom of the absorber while the second assumes that at 
the top of the column, a 90% CO2 removal efficiency was reached in the process.  
 
The enthalpy of reaction, ΔRH, is calculated at the stripper temperature (T=120 °C) using the 
following procedure. Absorption isotherms are measured at two temperatures, typically T= 40 °C 
and T= 80 °C, and fitted together using the thermodynamic model. From this fitting, it is possible to 
extrapolate isotherms at higher temperatures such as the one corresponding to the stripper condition 
(T=120 °C) and the reaction enthalpy is calculated using van't Hoff law: 
  
( ) ( ) '
0
ln1 22 α
α
α
d
dT
PdRTTH COR =Δ         (13) 
 
Different solvents are compared on the same basis by setting α=0.3 which corresponds to typical 
solvent loadings reached in the stripper.   
 
A standard comparison of performance for carbon dioxide capture would require to measure 
absorption isotherms at the same molar concentration for each solvent, i.e. with the same number of 
amine molecules in the solution. However, for high molecular mass solvent, this would induce a 
large % wt amine concentration in the solution that is usually not considered in CCS because of 
mass transfer limitations induced by a large viscosity and also corrosion and degradation. 
Therefore, we prefer to compare each solvent at a 30 % wt amine concentration, as it is commonly 
accepted that the concentration of amine in the process is in the range 30 to 50 % wt. We first 
present in figure 1, the bundle of isotherms obtained at T=40 °C and the thermodynamic properties 
(Δα, ΔRH) for the set of mono-amines screened in this work. 
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Figure 1 Bundle of experimental isotherms at T=40 °C (left) and thermodynamic properties (Δα, ΔRH) (right) for the set 
of 30 mono-amines screened in this work. 
 
We observe a large variety of behavior as some amines display a flat isotherm leading to a large 
cyclic capacity while some others increase sharply resulting in a small variation of the loading over 
the range of pressure sampled here. The same observation can be made for the reaction enthalpy 
which varies between ΔRH=60 kJ.mol-1 characteristic of tertiary amines to more than ΔRH=100 
kJ.mol-1. In theory, the most efficient amines would display a low reaction enthalpy and a large 
cyclic capacity to minimize the regeneration energy. However, the process scheme requires to 
optimize the regeneration condition to reach a value of αleanopt which minimizes Ereg. For instance, 
for a 30 mass % MEA solution, the value of αlean corresponding to a 90% removal of CO2 is 
αlean0.42 whereas the optimal value which minimizes Ereg in the process is αleanopt0.25. Therefore, 
the connection between the lab-scale quantities assessed by the HTS experimental device (αR, Δα, 
ΔRH) and the regeneration energy is not straightforward.  
4.2. Process simulations  
We now perform process simulations to calculate the energy required to regenerate the solvent in 
a classical absorption/desorption scheme. We emphasize that these simulations are only taking into 
account the thermodynamic of the system and therefore any transfer or kinetic limitations, which 
affect the height of the absorber but not the regeneration energy, are neglected in this work.  
 
The simulations performed for an aqueous solution of MEA 30 % wt yield αleanopt=0.24 and 
Ereg=3.67 GJ.tCO2-1. These results are in very good agreement with process results performed in the 
work of Knudsen et al.[8] where αleanopt=0.25 and Ereg=3.70 GJ.tCO2-1. In figure 2, the results from 
the optimization of the process scheme for the 30 mono-amines are reported as a function of the 
pKa found by the thermodynamic modeling of the absorption isotherms at T=40 °C.  
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Figure 2 Reneration energy as a function of pKa for the set of mono-amines screened in this work. The line is intended 
to guide the eye. 
 
We clearly observe a global minimum located around pKa=8.9 and the most efficient amine 
sampled displays a regeneration energy of Ereg3.0 GJ.tCO2-1. In order to make a connection between 
this process value and the lab-scale quantities accessible through the measurements of the isotherms 
we propose to model the regeneration energy as a sum of contributions from the different 
thermodynamic properties (αR, Δα, ΔH), using:  
 
 HDCBAE R
R
reg Δ+Δ
++=
αα
mod
        (14) 
 
with αR and Δα in mol.kg-1 and ΔRH in kJ.mol-1. The model parameters are optimized in order to 
fit the results of the PRO/II process simulations leading to A=2.42, B=0.33, C=0.47 and D=0.0003. 
Results of the parity graph reporting the modeled energy versus the PRO/II process simulations 
results are shown in figure 3.  
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Figure 3 Modeling of the regeneration energy (Eq. 14) for the set of mono-amines screened in this work 
 
We found a very good correlation for the whole set of mono-amines sampled in this work. Due to 
the variety of structures studied, we may expect that this correlation will hold for any other 
structures not yet sampled. Surprisingly, the coefficient affected to the rich loading and cyclic 
capacity have the same order of magnitude while the contribution from the enthalpy of reaction is 
negligible. Indeed, for the range of enthalpy obtained in this screening, the contribution of this term 
to the total energy is <0.03 GJ.tCO2-1. Hence, the sole knowledge of the absorption isotherm at T=40 
°C is sufficient to estimate accurately the regeneration energy of the solvent in the process. Another 
interesting observation can be made from the value of the constant coefficient which defines a 
lower limit reachable by the process when using 30%wt aqueous mono-amine solutions. If we 
consider an average mono-amine (i.e. M=130 g.mol-1) displaying an ideal flat isotherm at T=40 °C 
(i.e. αrich=Δα=1), the regeneration energy then reaches Ereg2.8 GJ.tCO2-1. This limitation is due to 
the use of molecules containing a unique nitrogen atom on their structure. Further energetic 
improvement may then be expected by using polyamines as higher loading may be reached. Work is 
in progress to study this aspect.  
5. Conclusions and perspectives 
High Throughput Screening measurements of CO2 solubility are performed on a set of 30 
aqueous mono-amines solutions and a thermodynamic model is used to model CO2 absorption. This 
model is then integrated with specific User Added subroutines in PRO/II simulations to calculate 
the required regeneration energy for each solvent in a conventional absorption/desorption process 
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loop. We build a phenomenological model between the lab-scale value extracted from the isotherms 
(αR, Δα, ΔRH) and the regeneration energy of the process. We find that the minimum energy 
attainable in such process is around Ereg2.8 GJ.tCO2-1 for a 30 % wt aqueous solution of mono-
amine. This result clearly points out the limitation of such molecules for carbon dioxide capture. 
Work is in progress to consider polyamines systems which can reach higher loadings and hence 
lower regeneration energy. 
 
By collecting thermodynamic data on various molecular structure, it is also possible to resort to 
QSPR (Quantitative Structure Property Relationship) statistical learning modeling methods such as 
Graph Machines where molecules, considered as structured data, are represented by graphs[9]. All 
the required information is then supposed to be contained within the structure of the molecule. For 
instance, we found a clear influence of the pKa on the value of Ereg. Therefore it might be useful to 
resort to QSPR modeling to identify the molecular structures with a targeted pKa. This approach 
can then be generalized to commercial molecules and original synthesis to target the most efficient 
molecules. Work is in progress to consider this aspect.  
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